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TEMPERATURE COMPENSATED 
POWER AMPLIFIER POWER CONTROL 

Field of the Invention 
5 [0001] The present invention relates to power amplifiers, and more 

specifically to compensating for variations in the characteristics of the power 
amplifier due to variations in temperature. 

Background of the Invention 

1 0 [0002] There are several standards for mobile telephone communications. 
Each of these standards requires precise output power control over a large 
dynamic range. In order to provide output power control, mobile telephone 
architectures typically employ one or more power amplifiers that amplify a 
signal prior to transmission. However, the output of the power amplifier 

1 5 fluctuates due to variations in the characteristics of the power amplifier 

caused by changes in temperature. Thus, in order to provide precise output 
power control over a large dynamic range, some form of temperature 
compensation is desirable to compensate for variations in the output of the 
power amplifier due to variations in the characteristics of the power amplifier 

20 caused by changes in temperature. 

[0003] The need for temperature compensation can be more clearly 
described with respect to Figure 1. Figure 1 illustrates a basic system 10 for 
controlling the output power of a mobile telephone having no temperature 
compensation. The system 10 includes a power amplifier 12 receiving a 

25 supply voltage (V C c) from a voltage regulator 14. The voltage regulator 14 
generates the supply voltage (V C c) from a source voltage (Vsource), such as a 
battery, based on a ramp voltage (Vramp). The system 10 may be part of a 
polar modulation system, wherein the ramp voltage (Vramp) is an amplitude 
signal corresponding to an amplitude component of data to be transmitted and 

30 the input signal (INPUT) is a carrier signal modulated by a phase component 
of the data to be transmitted. Based on the ramp voltage (Vramp), the power 
amplifier 12 modulates the input signal (INPUT) by the amplitude signal. 
However, since the system 10 does not provide temperature compensation 
for the power amplifier 12, changes in temperature cause the output of the 
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power amplifier 12 to fluctuate, thereby introducing error into the output signal 
(OUTPUT) and degrading the performance of the polar modulation system. 
[0004] The system 1 0 may also be used to control the output power of a 
transmitter. In this case, the ramp voltage (Vramp) is a control voltage that 
controls the output power of the power amplifier, thereby controlling the output 
power of the transmitter. However, since the system 10 does not provide 
temperature compensation for the power amplifier 12, changes in temperature 
result in fluctuations in the output power of the power amplifier. 
[0005] Thus, there remains a need for a system that compensates for 
variations in the output power of a power amplifier due to temperature 
variations. 

Summary of the Invention 

[0006] The present invention provides temperature compensation for a 
power amplifier by varying a supply voltage applied to the power amplifier. 
The supply voltage is varied based on operating temperature in light of the 
temperature characteristics of the power amplifier. Thus, the variation in the 
supply voltage offsets variations in the characteristics of the power amplifier 
due to changes in temperature. Whether the power amplifier is used to 
control the output power of a transmitter or as part of a polar modulation 
system, temperature compensation of the power amplifier allows the power 
amplifier to provide an accurate and repeatable output signal having 
essentially no fluctuations due to changes in temperature. 
[0007] In one embodiment, the supply voltage is generated by circuitry 
including a voltage generator, which is preferably a bandgap voltage 
generator, an amplification circuit, and a voltage regulator. In this 
embodiment, the voltage generator generates a first voltage that varies with 
temperature in such a manner as to offset variations in the characteristics of 
the power amplifier due to changes in temperature. The amplification circuit 
amplifies the first voltage, thereby generating a reference voltage, and the 
voltage regulator generates the supply voltage based on the reference voltage 
and a control voltage. The overall effect of the circuitry is to generate the 
supply voltage that varies with temperature, thereby providing temperature 
compensation for the power amplifier. 
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[0008] The system of the present invention may be incorporated in a polar 
modulation system. In this embodiment, the control voltage used to generate 
the supply voltage represents an amplitude component of a polar modulation 
signal, and the input signal to the power amplifier is a radio frequency (RF) 
5 carrier signal modulated by a phase component of the polar modulation 

signal. Thus, the power amplifier modulates the input signal by the amplitude 
component of the polar modulation signal. According to the present invention, 
the output power of the power amplifier has essentially no fluctuations due to 
variations in temperature. Therefore, the present invention provides a system 
10 for performing polar modulation having essentially no error due to temperature 
variations. 

[0009] The system of the present invention may also be incorporated in a 
transmitter of a mobile communication device for power control. In one 
embodiment, the control voltage is used to control the output power of the 

15 power amplifier, thereby controlling the output power of the mobile 

communication device. In another embodiment, the mobile communication 
device may have separate modes of operation. In one mode, the control 
voltage is the amplitude component of the polar modulation signal. In a 
second mode, the control voltage is a control signal used to control the output 

20 power of the power amplifier. 

[0010] Those skilled in the art will appreciate the scope of the present 
invention and realize additional aspects thereof after reading the following 
detailed description of the preferred embodiments in association with the 
accompanying drawing figures. 

25 

Brief Description of the Drawing Figures 

[0011] The accompanying drawing figures incorporated in and forming a 
part of this specification illustrate several aspects of the invention, and 
together with the description serve to explain the principles of the invention. 
30 [0012] Figure 1 illustrates a prior art system including a power amplifier 
and a voltage regulator; 

[0013] Figure 2 illustrates a system that provides temperature 
compensation for a power amplifier according to one embodiment of the 
present invention; 
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[0014] Figure 3 is a more detailed illustration of the system of Figure 2 
according to one embodiment of the present invention; 
[0015] Figure 4A illustrates the output of the bandgap voltage generator of 
the system of Figures 2 and 3 versus temperature according to one 
5 embodiment of the present invention; 

[0016] Figure 4B illustrates the output of the voltage reference of the 
system of Figures 2 and 3 versus temperature according to one embodiment 
of the present invention; 

[0017] Figure 4C illustrates the output of the voltage regulator of the 
10 system of Figures 2 and 3 versus temperature according to one embodiment 
of the present invention; 

[0018] Figure 5A illustrates the output power of the power amplifier of the 
system of Figure 1; and 

[0019] Figure 5B illustrates the output power of the power amplifier of the 
15 system of Figures 2 and 3 according to one embodiment of the present 
invention. 

Detailed Description of the Preferred Embodiments 

[0020] The embodiments set forth below represent the necessary 

20 information to enable those skilled in the art to practice the invention and 
illustrate the best mode of practicing the invention. Upon reading the 
following description in light of the accompanying drawing figures, those 
skilled in the art will understand the concepts of the invention and will 
recognize applications of these concepts not particularly addressed herein. It 

25 should be understood that these concepts and applications fall within the 
scope of the disclosure and the accompanying claims. 
[0021] Figure 2A illustrates a system 16 providing temperature 
compensation for a power amplifier 18 according to one embodiment of the 
present invention. The power amplifier 18 amplifies an input signal (INPUT) 

30 and provides an accurate and repeatable output signal (OUTPUT) having 
essentially no fluctuations due to temperature variations. In general, the 
system 16 includes the power amplifier 18, a bandgap voltage generator 20, a 
voltage reference 22, and a voltage regulator 24. Variations in characteristics 
of the power amplifier 18 such as gain and saturation voltage due to 
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temperature variations are compensated by variations in a bandgap voltage 
(V B g) from the bandgap voltage generator 20. Based on the bandgap voltage 
(Vbg), the voltage reference 22 and the voltage regulator operate to generate 
a supply voltage (V C c), which is provided to the power amplifier 18. 
5 [0022] The power amplifier 18 operates to amplify the input signal (INPUT) 
to produce the output signal (OUTPUT). In order to provide temperature 
compensation for the power amplifier 18, the bandgap voltage generator 20 
produces the bandgap voltage (V B g) that is dependent on temperature in such 
a manner as to compensate for the variations in the characteristics of the 

10 power amplifier. The voltage reference 22 operates to amplify the bandpap 
voltage (V B g), thereby generating a reference voltage (V RE f) that is sufficient 
for use by the voltage regulator 24. Based on the reference voltage (Vref) 
and a ramp voltage (Vramp), the voltage regulator 24 generates the supply 
voltage (V C c) from a voltage source (Vsource), where the supply voltage (V C c) 

15 is dependent on temperature and provides temperature compensation for the 
power amplifier 18. 

[0023] The system 16 may be fabricated in numerous fashions. For 
example, system 16 may be integrated into a single module. Further, the 
bandgap voltage reference 20, the voltage reference 22, and the voltage 

20 generator may be fabricated using complementary metal oxide semiconductor 
(CMOS) technology and the power amplifier may be fabricated using gallium 
arsenide (GaAs). However, the system 16 may be fabricated using various 
materials and be arranged in separate modules or components without 
departing from the spirit or scope of the present invention. 

25 [0024] In one embodiment, the system 16 of the present invention is part 
of a polar modulation system, as illustrated in Figure 2B, such as a mobile 
telephone. In this embodiment, polar modulation circuitry 26 performs polar 
modulation on data to be transmitted (DATA). Based on the data (DATA), the 
polar modulation circuitry 26 generates the input signal (INPUT), which is a 

30 radio frequency (RF) signal including a carrier frequency modulated by a 

phase component of the data to be transmitted (DATA). The polar modulation 
circuitry 26 also generates the ramp voltage (Vramp), which is an amplitude 
component (r) of the data to be transmitted. Based on the ramp voltage 
(Vramp), the voltage regulator 24 generates the supply voltage (V C c) in such a 
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manner as to modulate the input signal (INPUT) by the amplitude component 
(r) of the data to be transmitted (DATA). Typically, the variations in the 
characteristics of the power amplifier 18 due to temperature variations 
introduce error into the output signal (OUTPUT). However, the system 16 of 
5 the present invention provides temperature compensation for the power 
amplifier 18, thereby avoiding fluctuations in the output signal (OUTPUT) due 
to temperature variations and improving the performance of the polar 
modulation system. 

[0025] In another embodiment, the system 16 of the present invention is 

10 implemented in a mobile telephone (not shown) operating according to the 
Global System for Mobile Communications (GSM) or similar standard. As 
illustrated in Figure 2C, in this embodiment, modulation circuitry 28 modulates 
a carrier signal by a data signal (DATA), thereby providing the input signal 
(INPUT). Typically, a control system 30 generates the ramp voltage (Vramp) 

15 to adjust the output power of the power amplifier 18, and thus the output 
power of the mobile telephone. It should also be recognized that the system 
16 of the present invention may be implemented in a device such as a 
multimode mobile telephone, where the system 16 may be used for polar 
modulation or to control the output power of the device depending on the 

20 mode of operation. 

[0026] Figure 3 is a detailed illustration of one embodiment of the system 
16 of the present invention. In this embodiment, the power amplifier 18 
includes a transistor Q1 such as a heterojunction bipolar transistor (HBT). 
The power amplifier 18, including the transistor Q1, may be fabricated in 

25 various materials such as GaAs. When fabricated in GaAs, variations in 

temperature cause changes in the gain and saturation voltage of the transistor 
Q1 of the power amplifier 18. 

[0027] As discussed above, the bandgap voltage generator 20 generates 
the bandgap voltage (V B g) that is dependent on temperature. In this 
30 embodiment, the bandgap voltage generator 20 includes a first amplifier 32, 
resistors R1-R3, and diodes D1 and D2 arranged as shown. In one 
embodiment, the second diode D2 has an area that is eight times larger than 
the area of the first diode D1 . Accordingly, the bandgap voltage (V B g) is 
represented by the following equation: 
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Von VD\ .6255 %5%n(X){TEMP) , 

R3 

where VD1 is a voltage across the first diode D1, ln(8) is the natural log of the 
ratio of the area of the second diode D2 to the area of the first diode D1 , and 
TEMP is temperature. Further, the voltage VD1 across the first diode D1 has 
5 a negative temperature coefficient, where the temperature coefficient defines 
the change in the voltage VD1 per change in temperature. The second and 
third resistors are selected such that the term (R2/R3)(8.625E-5)ln(8)(TEMP), 
which is proportional to temperature, negates a portion of the change in the 
voltage VD1 due to temperature, thereby defining an overall temperature 

10 coefficient of the bandgap voltage generator 20 that offsets the variation of the 
characteristics of the power amplifier 18 due to variations in temperature. The 
overall temperature coefficient of the bandgap voltage generator 20 defines 
the change in the bandgap voltage (V B g) per change in temperature. 
[0028] The voltage reference 22 includes a second amplifier 34 and 

15 resistors R4 and R5 arranged as shown. The second amplifier 34 operates to 
produce the reference voltage (V REF ) based on amplifying the bandgap 
voltage (V B g). Typically, the bandgap voltage (V B g) is less than one or two 
volts. The voltage reference 22 amplifies the bandgap voltage (V B g) to a level 
that is sufficient for use by the voltage regulator 24. As an example, the 

20 bandgap voltage (V BG ) may vary in a range from 0.8 to 1 .2 volts and the 

second amplifier 22 may have a gain of approximately 3. Thus, the reference 
voltage (V RE f) varies in a range from 2.4 to 3.6 volts. In the illustrated 
embodiment, the gain of the second amplifier 34 is (R4+R5)/R4. However, 
the illustrated embodiment of the voltage reference 22 should be considered 

25 as exemplary rather than limiting. 

[0029] The voltage regulator 24 includes a third amplifier 36 and resistors 
R6-R9 arranged as shown. The ramp voltage is connected to the non- 
inverting input (+) of the third amplifier 36. The inverting input (-) of the third 
amplifier 36 is coupled to the reference voltage (V REF ) through the resistors 

30 R6-R8, and to the supply voltage (V C c) via the ninth resistor R9. Thus, the 
supply voltage (V C c) is generated based on the ramp voltage (Vramp) and the 
reference voltage (V RE f). Further, since the reference voltage (V REF ) changes 
in response to variations in temperature, the supply voltage (Vcc) also 
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changes in response to variations in temperature. The overall effect of the 
bandgap voltage generator 20, the voltage reference 22, and the voltage 
regulator 24 is to provide the supply voltage (V cc ) that varies in response to 
variations in temperature, thereby providing temperature compensation for the 
power amplifier 18. The embodiment of the voltage regulator 24 illustrated in 
Figure 3 is for illustrative purposes only and should be considered as 
exemplary rather than limiting. 

[0030] Figures 4A-4C illustrate the operation of the system 1 6 of Figures 2 
and 3. Although specific ranges are shown for the bandgap voltage (V B g). the 
reference voltage (V RE f), the supply voltage (V C c), and temperature, these 
ranges should be considered exemplary rather than limiting. Figure 4A is a 
graphical illustration of the bandgap voltage (V B g) versus temperature 
according to one embodiment of the present invention. The overall 
temperature coefficient of the bandgap voltage generator 20 (Figures 2 and 3) 
is equivalent to the slope of line L1 illustrated in Figure 4A. As discussed 
above, the overall temperature coefficient, and thus the slope, is determined 
by the ratio of the second resistor R2 (Figure 3) to the third resistor R3 (Figure 
3). Further, the values of the resistors R2 and R3, and thus the overall 
temperature coefficient of the bandgap voltage generator 20, are selected 
such that the bandgap voltage (V BG ) and thus the supply voltage (V cc ) vary 
with temperature in such a manner as to offset the variations in the 
characteristics of the power amplifier 18 (Figures 2 and 3) due to temperature. 
[0031] Figure 4B graphically illustrates the relationship between the 
reference voltage (Vref) and temperature. As discussed above, the reference 
voltage (V RE f) is generated based on amplifying the bandgap voltage (V BG ). 
Since the bandgap voltage (V BG ) varies with temperature, the reference 
voltage (V RE f) also varies with temperature. It should also be noted that the 
slope of line L2 is equivalent to the slope of the line L1 multiplied by the gain 
of the voltage reference 22 (Figures 2 and 3). The temperature coefficient of 
the voltage reference 22, which is defined as change in the reference voltage 
(Vref) per change in temperature, is equivalent to the slope of the line 
illustrated in Figure 4B. Thus, the temperature coefficient of the voltage 
reference 22 is equivalent to the temperature coefficient of the bandgap 
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voltage generator 20 (Figures 2 and 3) multiplied by the gain of the voltage 
reference 22. 

[0032] Figure 4C graphically illustrates the relationship between the supply 
voltage (V C c) and temperature when the ramp voltage (Vramp) is constant. As 
5 illustrated, the supply voltage (V C c) increases as the temperature increases, 
thereby offsetting the variations in the characteristics of the power amplifier 18 
(Figures 2 and 3) due to temperature. As discussed above, the temperature 
coefficient of the bandgap voltage generator 20 (Figures 2 and 3) is selected 
such that the bandgap voltage (V B g) varies with temperature in such a manner 
10 as to cause the supply voltage (V C c) to vary with temperature, thereby 

providing temperature compensation for the power amplifier 18 (Figures 2 and 
3). 

[0033] Figure 5A graphically illustrates the output power of the power 
amplifier 12 (Figure 1) as the ramp voltage (Vramp) increases over time. The 
15 power amplifier 12 is not temperature compensated. As is shown, the output 
power of the power amplifier 12 without temperature compensation varies 
significantly as the temperature varies from -30 degrees Celsius to 85 
degrees Celsius. 

[0034] Figure 5B graphically illustrates the output power of the power 
20 amplifier 18 (Figure 2 and 3) that is temperature compensated according to 
the present invention. As with Figure 5A, Figure 5B illustrates the output 
power as the ramp voltage (Vramp) increases over time. As shown, the 
variation of the output power due to variations in temperature is essentially 
eliminated. Thus, the power amplifier 18 is compensated for variations in 
25 temperature and provides an accurate and repeatable output power having 
essentially no fluctuations due to temperature variations. 
[0035] The system 16 of the present invention offers substantial 
opportunity for variation without departing from the spirit and scope of the 
invention. For example, embodiments of the voltage reference 22 and the 
30 voltage regulator 24 illustrated in Figure 3 are meant to be exemplary rather 
than limiting. There are numerous other circuits that may be used to 
implement the voltage reference 22 and the voltage regulator 24. As another 
example, although the embodiment of the bandgap voltage generator 20 
illustrated in Figure 3 is the preferred embodiment of the bandgap voltage 
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generator 20, numerous circuits may be used to generate a voltage that 
varies with temperature. 

[0036] Those skilled in the art will recognize improvements and 
modifications to the preferred embodiments of the present invention. All such 
5 improvements and modifications are considered within the scope of the 
concepts disclosed herein and the claims that follow. 



